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Feldmann et al. identified the gene responsible for FHL3 tant for presynaptic plasticity (Rosenmund et al., 2002).
as the human ortholog of rat Munc13-4, a member of Unlike neuronal vesicles, which need to constantly stand
the Unc-13 gene family which is required for locomotion ready to release neurotransmitters in response to cal-
and nervous system function in C. elegans. Though cium influx, lytic granule movement occurs after target
there is only a single Unc-13 gene in C. elegans and in cell recognition, with killing completed within minutes.
Drosophila, at least five Munc-13-like proteins have It remains to be seen whether Munc13-4 functions in a
been identified in vertebrates (Munc13-1, Munc13-2, step equivalent to the priming of synaptic vesicles, and
Munc13-3, Munc13-4, and BAP3). Munc13-4 is the only if so, what regulatory role the priming step plays in lym-
ubiquitously expressed member of this family, with the phocyte-mediated killing. The discovery of a critical
other members expressed predominantly in neurons, function of Munc13-4 in cytolytic vesicle release should
with some evidence for partially overlapping function lead to a better understanding of the unique events that
(Varoqueaux et al., 2002). occur during cytotoxic granule exocytosis, as well as
Considerable evidence supports an important role the more general process of membrane fusion.
for Unc-13, as well as the mammalian Munc13-1,
Munc13-2, and Munc13-3 proteins, in the priming of Bin Zhang and David Ginsburg
neuronal synaptic vesicles for membrane fusion and
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secretion. The findings of Feldmann et al. suggest a
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similar function for Munc13-4. They observe that granule
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exocytosis is blocked at a post-RAB27A stage in cyto-
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strate that tagged Munc13-4 partially colocalizes with
cytotoxic granules near the site of contact between the Selected Reading
T cell and its target.
In the termini of presynaptic neurons, vesicles are Feldmann, J., Callebaut, I., Raposo, G., Certain, S., Bacq, D., Du-
mont, C., Lambert, N., Ouache´e-Chardin, M., Chedeville, G., Tamary,clustered in close proximity to the secretion site, or
H., et al. (2003). Cell 115, this issue, 461–473.active zone. Some of these vesicles are tethered to the
Martin, T.F. (2002). Neuron 34, 9–12.membrane (docked). Only a fraction of the docked
Ohadi, M., Lalloz, M.R.A., Sham, P., Zhao, J.H., Dearlove, A.M.,vesicles are in a ready-to-fuse, or “primed,” state. In
Shiach, C., Kinsey, S., Rhodes, M., and Layton, D.M. (1999). Am. J.Munc13-1/Munc13-2 double knockout mice, synaptic
Hum. Genet. 64, 165–171.transmission is completely absent due to the lack of
Rosenmund, C., Sigler, A., Augustin, I., Reim, K., Brose, N., andfusion-ready vesicles, but synaptogenesis is normal
Rhee, J.S. (2002). Neuron 33, 411–424.
(Varoqueaux et al., 2002). Munc13-1 binds to several
Russell, J.H., and Ley, T.J. (2002). Annu. Rev. Immunol. 20, 323–370.other proteins in the active zone, including Syntaxin-1
Smyth, M.J., Street, S.E.A., and Trapani, A.A. (2003). J. Immunol.and RIM1, and these interactions appear to be important
171, 515–518.
in regulating priming (Martin, 2002). Munc13-4 appears
Stepp, S.E., Dufourcq-Lagelouse, R., Le Deist, F., Bhawan, S., Cer-to be playing an analogous role in the lymphocyte, al-
tain, S., Mathew, P.A., Henter, J.I., Bennett, M., Fischer, A., Saint
though its specific interaction partners remain to be Basile, G.D., and Kumar, V. (1999). Science 286, 1957–1959.
identified. One of these latter proteins could correspond Varoqueaux, F., Sigler, A., Rhee, J.S., Brose, N., Enk, C., Reim, K.,
to the gene responsible for FHL1. and Rosenmund, C. (2002). Proc. Natl. Acad. Sci. USA 99, 9037–
Although Munc13-4 expression is detected in multiple 9042.
tissues, the phenotype of FHL3 appears to be limited
to the dysfunction of CTL and NK cells. However, it
remains possible that more subtle defects in vesicle
secretion in other tissues have eluded clinical identifica-
Cortical Patches on the Movetion or are masked by functional overlap with other pro-
teins. It is interesting to note that, despite the general-
ized cytolytic granule secretion defect caused by
Munc13-4 mutation, FHL3 patients are clinically indistin-
Endocytosis is the primary means by which eukaryoticguishable from FHL2 patients. This observation sug-
cells internalize materials from the environment. How-gests that perforin is the key component of the lytic
ever, while many components of the endocytic ma-granule, or that it is essential for the delivery of the
chinery are known, the timing of molecular eventsgranzymes and other vesicle contents to the target cell.
leading to endocytosis remains undefined. In this issueThis notion is consistent with the observation that per-
of Cell, Kaksonen et al. use real-time microscopy toforin-deficient mice are more susceptible to tumor initia-
define the temporal assembly of components of thetion than granzyme A and B double knockout mice
endocytic machinery in the yeast S. cerevisiae. They(Smyth et al., 2003).
also provide new insight into how the actin cytoskele-Although there are similarities between cytotoxic
ton is coordinated with the endocytic machinery.granule exocytosis and synaptic vesicle exocytosis, sig-
nificant differences exist. Unique features of the immu-
Endocytosis is critical for a variety of cellular processesnological “synapse” include the transfer of membrane
including nutrient uptake and receptor downregulation.proteins between cells and the ability of CTL to be serial
During endocytosis, the plasma membrane is invagi-killers, forming synapses with multiple targets consecu-
nated and vesicles are pinched off to internalize mem-tively. Priming is thought to control the amount and
activity dependence of neurotransmitter release impor- brane lipid, associated proteins, and extracellular mate-
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rial. Endocytosis requires the precise spatial and followed by an initial slowly motile stage coincident with
actin association, and a final period of faster movement.temporal regulation of many protein and lipid compo-
nents. Growing evidence has linked the actin cytoskele- As the cortical patches progress through these stages
of motility, they migrate deeper into the cell, suggestiveton to endocytosis. Actin has been proposed to play
either a regulatory function by controlling the localiza- of the path of an internalized endocytic structure. Actin
polymerization is required for the early motile stage thattion of endocytic machinery on the plasma membrane
or a force generating role, by participating in the invagi- is interpreted as membrane invagination and vesicle
formation. The authors propose that the later, more rapidnation of the membrane, the separation of vesicles from
the plasma membrane, and/or the transport of the na- movement of the actin patch represents motion of the
nascent vesicle and suggest that it might be actin inde-scent vesicles away from the cell surface (Engqvist-
Goldstein and Drubin, 2003; Qualmann et al., 2000). pendent. However, the rate of movement in this second
stage (230 nm/s) corresponds to the rate of actin-The clearest connection between endocytosis and actin
arises from studies in the budding yeast S. cerevisiae, based motility of pinocytic vesicles in mammalian cells
(Merrifield et al., 1999). Thus, the role of actin that iswhere disruption of the actin cytoskeleton by genetic or
chemical means has deleterious effects on endocytosis. associated with these nascent vesicles remains to be es-
tablished.The yeast actin cytoskeleton exists in three distinct
filamentous forms: actin cables, cortical actin patches, Interestingly, the temporal sequence of assembly of
cortical patch components follows an invariant orderand the actin-myosin contractile ring. Of these, only
the cortical patches participate in endocytosis. Cortical that corresponds with the motile behavior of the cortical
patch. Las17p, Pan1p, Sla1p, and Sla2p all associatepatches are observed as small foci that are highly motile
and undergo rapid turnover. In addition to actin, they with cortical patches early in their formation. Las17p
remains at the cell cortex and does not transition to theare composed of a variety of actin binding proteins, as
well as a host of regulatory proteins, many of which first motile stage. The three other markers, however, stay
associated with patches during the first motile stage,affect both endocytosis and cortical actin. While many
components of the endocytic machinery associated but dissociate coordinately as the patches move more
rapidly into the cell. Strikingly, Abp1p, which has beenwith cortical patches have been identified, their precise
functions and the order and timing of molecular events used as a marker for actin localization, and Arc15p asso-
ciate transiently with cortical patches beginning just be-leading to vesicle formation remain to be defined. In
addition, despite the strong connection between actin fore they enter the first motile stage and continuing
throughout the period of rapid motility. Thus, as theand endocytosis in yeast, a factor that directly coordi-
nates these two processes has remained elusive. Now, composition of the cortical patch changes, so does
its behavior.Kaksonen and coworkers (2003) image the real-time dy-
namics of components of cortical patches in S. cerevis- In combination with the biochemical evidence pre-
viously uncovered for these proteins, information aboutiae to identify the sequential stages in the life of a cortical
patch. Strikingly, they show that actin is only transiently their order of assembly can be used to generate a model
of their molecular contributions to endocytosis. Whileassociated with the cortical patches and that protein
composition correlates with patch behavior. They also Las17p, Pan1p, and Abp1 all stimulate the nucleation
activity of the Arp2/3 complex, they accomplish this inidentify Sla2p as a factor that coordinates endocytosis
and actin polymerization. distinct ways. Las17p is a G-actin binding protein that
has been proposed to activate the nucleation activityUsing time-lapse fluorescence microscopy in living
cells, the authors follow fluorescently labeled constit- of the Arp2/3 complex by delivering actin monomer.
In contrast, Abp1p binds and can recruit the Arp2/3uents of cortical patches, including Arc15p, Las17p,
Pan1p, Abp1p, Sla1p, and Sla2p, each of which have complex to actin filaments. Abp1 may stimulate the nu-
cleation activity of the Arp2/3 complex by stabilizingmammalian counterparts: Arc15p is homologous to the
ARC5 subunit of the mammalian Arp2/3 complex, it at actin branch points, a mechanism that has been
previously shown for the mammalian Arp2/3 complex-Las17p is the Wiskott-Aldrich syndrome protein (WASP)
homolog, Pan1p is related to Eps15, Abp1p is related stimulating protein, cortactin. The mechanism by which
Pan1p stimulates the Arp2/3 complex is not yet clear,to mammalian Abp1, Sla1p is an adaptor protein, and
Sla2p is homologous to HIP1R (Engqvist-Goldstein and as Pan1p has not been shown to bind to either mono-
meric or filamentous actin. It is intriguing to speculateDrubin, 2003). Each of these yeast proteins is required
for endocytosis, with the exception of Abp1p, which that Las17p, required for the initiation of actin polymer-
ization in an in vitro actin assembly assay, initiates andhas redundant functions with Sla1p and Sla2p and is
dispensable. Each of these proteins has also been impli- conveys the signal for endocytosis. Pan1p, which makes
numerous interactions with endocytic proteins and re-cated in the regulation of the actin cytoskeleton.
Previous work has identified heterogeneity in the pop- mains with the cortical patch as it begins to be motile,
may stimulate the Arp2/3 complex and coordinate actinulation of cortical patches in yeast, both in terms of
protein composition and motile behavior, suggesting assembly with membrane invagination and vesicle for-
mation. In the final stages of internalization, after actinthat yeast might have functionally distinct populations
of cortical patches. Here, Kaksonen et al. (2003) resolve filaments have begun to form, Abp1 may further stimu-
late the Arp2/3 complex and play a structural and stabi-these previously observed differences by demonstrating
that the apparently distinct patches were in fact at differ- lizing role.
Despite a plethora of circumstantial evidence con-ent stages of a patch lifecycle. They show that the corti-
cal patches follow a common itinerary consisting of a necting actin dynamics and endocytosis, a factor that
coordinates these two processes had not been found.period of limited movement at the site of patch birth,
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Merrifield, C.J., Moss, S.E., Ballestrem, C., Imhof, B.A., Giese, G.,Kaksonen et al. (2003) now identify Sla2p as one such
Wunderlich, I., and Almers, W. (1999). Nat. Cell Biol. 1, 72–74.factor and demonstrate that a deletion of SLA2, which
Merrifield, C.J., Feldman, M.E., Wan, L., and Almers, W. (2002). Nat.is known to block endocytosis, does not block actin
Cell Biol. 4, 691–698.polymerization, and thereby uncouples these two pro-
Qualmann, B., Kessels, M.M., and Kelly, R.B. (2000). J. Cell Biol.cesses. In sla2 cells, actin continuously assembles at
150, F111–F116.
the cell periphery and fluxes inward, resulting in the
formation of actin tails radiating from the membrane into
the cytosol and increasing the level of polymerized actin.
The early patch proteins, Las17p, Pan1p, Sla1p, and
the cargo molecule, Ste2p, all localize at the junction
between the cell periphery and the actin tail. Surpris-
ingly, the actin polymerizes in the inverse orientation
that would be needed to generate the force required to
drive invagination. The authors propose that in wild-type
cells, Sla2p may coordinate the interactions between
cytoskeletal and endocytic components by negatively
affecting Arp2/3 complex-mediated nucleation in a reg-
ulated manner. The orientation of actin assembly in cor-
tical patches in wild-type cells, and the mechanism by
which the endocytic machinery harnesses actin poly-
merization to deform the membrane during endocytosis
remain unknown and will be important future directions
of investigation.
This pioneering study sheds light on the temporal
hierarchy of events leading to endocytosis in yeast and
provides the strongest evidence yet that cortical-actin
patches are sites of endocytosis. Almost 50 genes have
been implicated in the regulation of endocytosis. There-
fore, a major avenue for future study will be to uncover
the complex order of interactions involved in the assem-
bly and disassembly of the endocytic machinery. Dis-
secting these dynamics will be aided by new, more pow-
erful methods of quantitative, high resolution light
microscopy. Another exciting challenge will be to eluci-
date the regulation of this assembly/disassembly.
Many of the proteins that function in yeast endocyto-
sis are conserved in higher eukaryotes. However, pro-
teins that are critical for endocytosis in mammalian cells,
including clathrin, AP2, and dynamin, do not play a sig-
nificant role in yeast endocytosis. Conversely, disruption
of the actin cytoskeleton in mammalian cells only mod-
estly inhibits clathrin-mediated endocytosis (Fujimoto et
al., 2000). Despite these apparent differences, a similar
order of events, in which actin transiently assembles
late in endocytosis, has also been observed in mamma-
lian cells (Merrifield et al., 2002). Future work will be
necessary to identify which mechanistic aspects of en-
docytosis are conserved from yeast to higher eu-
karyotes.
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